growth, calmodulin (CaM) (26 ) , an intracellular Ca 2ϩ receptor protein; calcineurin (19) , a CaM-dependent protein phosphatase; and Ca 2ϩ -CaM-dependent protein kinase II (27) regulate nerve growth. Double immunostaining of IP 3 R1 and microtubules revealed that the distribution of IP 3 R1 was associated with that of microtubules such as tubulin in the growth cone (28) . Thus, IICR through IP 3 R1 in the growth cone and its downstream effectors might act locally to regulate microtubule assembly and promote neurite extension. This notion is also supported by our findings that IP 3 R1 appears not to be distributed in filopodia and that inactivation of this molecule does not affect filopodial motility. [Ca 2ϩ ] i mobilization by IICR could modulate Ca 2ϩ influxes through Ca 2ϩ channels. Therefore, IICR from internal stores and Ca 2ϩ influx may act together to direct nerve growth.
References and Notes DRGs and cerebella of embryonic day (ED) 11 chick embryos or postnatal day (PD) 20 mice, as described (23) . Proteins in the microsome fraction (10 g) were subjected to SDS-polyacrylamide gel electrophoresis (5% gel) in the buffer system of U. K. Laemmili [Nature 227, 680 (1970) ]. After electrophoretic transfer to polyvinylidene fluoride membranes (Millipore), immunodetection probed with 4C11 mAb (1 g/ml) was carried out and then visualized with an enhanced chemifluorescence immunoblotting kit (Amersham). 11. DRG neurons from ED11 chick embryos were dissociated by trypsinization and cultured on poly-L-lysine-and laminin (Gibco-BRL)-coated cover slips with nerve growth factor-containing L-15 medium (Gibco-BRL) (21 . Proteins (0.4 mg/ml) in the microsome fraction dissolved in a Ca 2ϩ mobilization buffer were incubated with either MG-labeled 4C11 mAb (20 g/ml) or MG-labeled nonspecific IgG (20 g/ml) for 30 min and then subjected to laser irradiation (10 min, wavelength ϭ 620 nm, line length ϭ 8.0 ns, 5 Ϯ 1 mJ per pulse at 10 Hz, 1.5-mm diameter), from a pulsed neodynium:yttrium-aluminum-garnet pump laser (Quanta-Ray, GCR-230-10; Spectra-Physics) and optical parametric oscillator (MOPO-730; Spectra-Physics). IICR measurement was done as described (23) . Samples were incubated at 30°C in a buffer containing 1.0 mM adenosine triphosphate (ATP) and an ATP regeneration system, and Ca 2ϩ uptake by ATP and release by IP 3 (200 nM) activities were monitored with calcium green-1 (2 M) (Molecular Probes) in a luminescence spectrometer (LS50B; Perkin-Elmer). The Ca 2ϩ concentration in the buffer was calculated from the maximal fluorescence value (F max ) and minimum fluorescence value (F min ) obtained in the presence of excess Ca 2ϩ (100 M of CaCl 2 ) and 10 mM of ethylene glycol-bis(␤-aminoethyl ether)-N,N,NЈ,NЈ-tetraacetic acid, respectively, after treatment with ionomycin (10 M). The equation used was [ 1). The social system of the narwhal is poorly known but has been described as "matrifocal" (2) , so this may also be a matrilineal species. mtDNA diversity in these matrilineal species, all of which have large, geographically widespread populations, is exceeded even by that of Hector's dolphin (Cephalorhynchus hectori), which is confined to New Zealand waters and numbers in the low thousands ( Table  1) . The reduced mtDNA diversities of the matrilineal whales do not seem to be methodological artifacts. All studies examined the same "control" region of the mitochondrial genome, studies of matrilineal cetaceans covered generally larger geographic areas than those of nonmatrilineal species (3), and nucleotide diversities of the matrilineal whales were little changed when only one animal per group was used in the calculations (Table 1) . Low genetic diversity may result from a low mutation rate. However, control region mutation rates are no lower in the matrilineal whales than in other cetaceans (4). Generation time and population size may also affect genetic diversity (5). I converted mtDNA nucleotide diversities into approximate effective population sizes (the size of a population of females that has an expected equilibrium nucleotide diversity equal to that measured from the species) using known generation times and the relation between mutation rate and body size. Matrilineal cetaceans have considerably reduced effective population sizes, and there is no relation between effective population size and the order of magnitude estimated current population size (Table  1) .
Population bottlenecks might have reduced genetic diversity (6) . However, to reduce nucleotide diversity by a factor of 10, the bottleneck would have had to have been extremely severe or prolonged [about 100 animals for 100 generations or 1000 animals for 1000 generations, from the methodology of Amos (7)]. Such scenarios seem unlikely, [regression from the homeotherm line in Fig. 2 of (36) ], where m is the mass of a mature female in kilograms [(22) , except (37) , for northern right whale dolphins] and g is the generation length, the mean age at sexual maturity plus interbirth interval (22) . Unavailable generation lengths were set at 5.5 years for Hector's dolphin and 9 years for northern right whale dolphin and Pacific white-sided dolphin, as approximate medians for animals of similar size and habitat, and unavailable body mass for the short-finned pilot whale was set at 890 kg, as in the long-finned pilot whale.
† (38) . ‡Recalculated with just one randomly chosen animal per matrilineal group (assuming that all separate strandings and by-catch are from separate groups).
especially for long-lived and widespread animals like the matrilineal whales. If fitness were strongly correlated among females in a matriline, so that they largely reproduce or die together, then this could reduce mtDNA diversity in matrilineal species (8) . However, no substantial group-specific effects were found in an analysis of killer whale life history parameters (9) , and a realistic model of group extinction in pilot whales (which could result from mass strandings or drive fisheries) found that mtDNA diversity could be substantially reduced if matrilineal groups of about 20 to 50 females became extinct at a rate of about 1% per year over many generations but that at lower extinction rates (0.1% per year) the effect was very small (8) . For the more oceanic populations of both pilot whale species, such as those in Antarctic or eastern tropical Pacific waters that contain substantial proportions of the global populations of the two species, group extinction rates of 1% per year seem very unlikely. The scenario is even more improbable for sperm and killer whales, which have smaller matrilineal group sizes and are much more rarely hunted by drive fisheries or observed to mass strand.
Alternatively, selection, the differential survival or reproduction of phenotypes, could be reducing diversity in a number of ways. However, it is not obvious why selection should be particularly prevalent in the mtDNA genome of matrilineal odontocetes, and none of the values of Tajima's "D" statistic (10) calculated from the data sets listed in Table 1 showed significant (P Ͻ 0.05) evidence of selection in the control region. Instead, I suggest that neutral or nearly neutral mtDNA loci hitchhike on selected maternally inherited cultural traits.
Culture can be defined as information that may cause variation in behavior and that is acquired from conspecifics by imitation or learning (11) . Cultural traits learned, almost without error, from the mother or members of a matrilineal group are analogous to maternally inherited mtDNA loci. So, with the use of a theory developed for molecular hitchhiking in which diversity at a neutral locus is reduced by selection at a linked locus (12) , beneficial cultural traits that are transmitted maternally (or within matrilineal groups) have the potential to reduce mtDNA diversity. This is shown with simulations in Fig. 1 for the case of a single advantageous (10% fitness advantage) matrilineally transmitted cultural development that sweeps through a population of 200,000 females, devastating mtDNA diversity. The effects are slower but otherwise similar when the fitness advantage is smaller. Nucleotide diversity is still reduced even when the matrilineal transmission is imperfect, either because some daughters do not learn the trait from mothers who have it (Fig. 1C) or because females occasionally learn the trait from outside their matriline (Fig. 1D) . However, further simulations showed that if nonmatrilineal transmission is much greater than the 0.5% used to generate Fig. 1D , then mtDNA diversity is little reduced.
Although cetaceans are difficult to study, field research is uncovering many instances of apparent culture. For instance, individuals appear to learn particular feeding techniques from their mothers, members of their matrilineal group, or the general adult population (13) . Heimlich-Boran and Heimlich-Boran suggest that matrilineally transmitted cultural feeding specializations on fish and marine mammals could have initiated the divergence of the sympatric "resident" and "transient" forms of killer whales off Vancouver Island, which now show genetic and morphological differences (13) .
The clearest forms of cultural transmission among cetaceans concern vocalizations. Cetaceans are some of the few nonhuman mammals known to have vocal learning (14) and thus the potential for culturally acquired acoustic repertoires. In killer and sperm whales, matrilineal groups occupying the same ranges use distinctive, and almost certainly culturally acquired, vocal dialects, a unique finding among nonhuman animals (15) . In these two species, groups sharing recent common ancestry seem to have similar repertoires, and in sperm whales the vocal repertoire of a group correlates with the types of environmentally acquired markings (such as those from the teeth of predators) on its members (16) . This suggests that methods of facing environmental challenges (such as predation) are being transmitted culturally and being conserved within matrilineal groups in parallel with vocal dialects.
Simulations show that, to maintain genedialect correlations, as found in sperm whales (16) , rates of nonmatrilineal transmission of dialect must not occur at rates much faster than the genetic mutation rate (17) . Thus, even though matrilineal groups of whales often meet and merge temporarily (18) , nonmatrilineal transmission of dialect in these species must occur at a rate below the 0.5% threshold indicated in Fig. 1D for reduction in genetic diversity by cultural hitchhiking. Selectively advantageous cultural traits, which might include migration strategies (19) , foraging techniques (13), and babysitting (1), may be similarly stable, and so cultural hitchhiking is a feasible explanation for lowered genetic diversity in these species.
If cultural hitchhiking has happened, then the matrilineal odontocetes are exceptions to the general rule that substantial gene-culture coevolution is confined to humans (20) . Why? They have attributes that favor the evolution of social learning and culture (21) : long lives (ϳ60 to 90 years), advanced cognitive abilities, prolonged parental care, permanent and cohesive groups, and an environment that varies substantially over large spatial and temporal scales (thus making individual learning costly) (1, 22) . Cultural innovations will have most evolutionary importance in populations where ranges overlap, because the innovators will affect many conspecifics and a great deal of habitat. Pilot, killer, and sperm whales have wide ranges (ϳ1000 km) that they share with many hundreds or thousands of conspecifics. Geneculture coevolution is also more probable when cultural features are transmitted with little error between generations (20) . Matrilineally based groups provide a suitable environment for stable group-specific cultures to develop through conformist traditions (11) , and such situations can lead to variation between groups upon which selection may act (23) .
Methods to further test this "cultural hitchhiking" hypothesis against feasible alternatives need to be devised. For instance, a comparative analysis of nuclear DNA diversity in the matrilineal and nonmatrilineal cetaceans would help distinguish between causes of low mtDNA diversity that operate maternally (such as cultural hitchhiking or selection on the mtDNA genome) or nonmaternally (such as population bottlenecks).
The apparently greater role of cultural inheritance among cetaceans compared with nonhuman terrestrial mammals is likely ultimately linked to environmental differences. Compared with most terrestrial environments, the ocean can support large body sizes, has low travel costs and no barriers, contains dispersed and patchy food, and transmits sound very efficiently. The behavior and social structure of cetaceans seem to have evolved distinctive features in this setting. These features include vocal learning, large home ranges, lack of territoriality, and bisexual group philopatry (1) . Cultural transmission may be another such feature favored by the environment of the matrilineal whales.
